The self-assembly of peptides to form nanoscale structures is common for naturally occurring^[@ref1]^ and synthetic^[@ref2]^ peptides. Insulin,^[@cit1a],[@cit1c]^ amyloids,^[@cit1b]^ defensin,^[@cit1d]^ and hormones^[@ref3]^ are known natural peptides that self-assemble to form nanofibrils with beneficial or detrimental biological effects. Recently, the exploration of the biomedical applications of nanostructures formed by peptide amphiphiles^[@cit2d],[@ref4]^ or oligopeptides^[@ref5]^ has progressed significantly. Similarly, synthetic peptide derivatives that favor aromatic--aromatic interactions have received considerable attentions for the development of soft materials (e.g., hydrogels^[@ref6]^) or nanoscale assemblies^[@ref7]^ for potential biomedical applications, such as drug delivery,^[@cit2c],[@ref8]^ regenerative medicine,^[@ref9]^ antibacterial agents,^[@ref10]^ and anticancer therapy.^[@cit8b],[@ref11]^ Despite these advances, it remains difficult to control or predict the secondary structures formed by the self-assembling peptide derivatives (especially when the lengths of the peptides are short), a major obstacle for the further development of peptide soft biomaterials.

Although currently it remains impossible to predict the secondary structures of a peptide from the sequence alone, structural biology research has determined many protein structures (e.g., over 120 000 structures in protein data bank (PDB)^[@ref12]^), which, as an invaluable bioinformatics resource, provides a candidate pool of peptides with known secondary structures. However, since the secondary structures are resulted from conformation restriction provided by multiple forces^[@ref13]^ in proteins, the isolated short peptide sequence usually are unable to maintain their secondary structures exhibited in the proteins. Therefore, in order to use the protein structure to guide the design of self-assembling short peptides with predictable secondary structures, there is a need of facile strategy that defines the secondary structures of short peptides after their self-assembly. Inspired by nature,^[@ref14]^ we decide to use aromatic--aromatic interactions to enhance intermolecular interactions for maintaining secondary structures of short peptides. Moreover, having relatively compact volumes, aromatic rings are effective motifs for enabling self-assembly,^[@ref15]^ including the self-assembly of peptides,^[@cit6a]^ and even can generate spontaneous alignment of nanofibrils.^[@ref16]^ In addition, being inherently directional,^[@ref14]^ aromatic--aromatic interaction is fairly predictable and results in stable supramolecular hydrogels.^[@cit6a],[@ref17]^

Based on the above rationale, we choose a decapeptidic sequence that forms a β-sheet at the intermolecular interface of the dimer of a protein (irisin).^[@ref18]^ We connect pyrene (for aromatic--aromatic interactions) at the C-terminals of two complementary pentapeptidic segments (**A** and **B**), which forms seven intermolecular hydrogen bonds between them ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This design produces two pyrene peptide conjugates (**A-Py** and **B-Py**). Our studies find that simply mixing **A-Py** with **B-Py** results in a supramolecular hydrogel that consists of nanofibrils, but each conjugate itself is unable to form a hydrogel. Fluorescent spectra confirm the aromatic--aromatic interaction between pyrene groups. Circular dichroism (CD) reveals that, while each conjugate mainly exists as α-helix, their complementary mixtures adopt β-sheet like secondary structures in the hydrogel ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Transmission electron microscopy (TEM) reveals that the intermolecular interactions between the complementary peptide derivatives promote the formation of nanofibrils with uniform widths. The enantiomers of **A-Py** and **B-Py** (i.e., ^**D**^**A-Py** and ^**D**^**B-Py**) also exhibit similar behaviors as those of **A-Py** and **B-Py**. As the first use of aromatic--aromatic interactions to mimic the conformational restriction in a protein and enable the transition from α-helical to β-sheet like structures of short peptides, this work illustrates a new, bioinspired approach to control molecular recognition in water^[@ref19]^ and to generate supramolecular peptide nanofibers with predefined secondary structures by rationally using protein structures as the blueprint.

![Aromatic--Aromatic Interaction Enables Self-Assembly and α-Helix to β-Sheet Transition](ja-2016-11512n_0006){#sch1}

![Pentapeptides and the corresponding C-terminal capped pentapeptides and the hydrogen bonds between the pentapeptide pair (**A** and **B**) at the interface of irisin dimer (adapted from the crystal structure of irisin (PDB: 4LSD([@ref18])).](ja-2016-11512n_0001){#fig1}

The decapeptidic sequence from irisin^[@ref18]^ is Arg-Met-Leu-Arg-Phe-Ile-Gln-Glu-Val-Asn (RMLRFIQEVN), which self-associates to form an antiparallel β-sheet in irisin dimer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). To avoid the self-association of the decapeptide, we divide it into two pentapeptides: RMLRF (**A**) and IQEVN (**B**). According to the crystal structure of irisin,^[@ref18]^**A** and **B** form seven intermolecular hydrogen bonds. Because RMLRFIQEVN forms the antiparallel β-sheet, it is unlikely that RMLRF (**A**) (or IQEVN (**B**)) prefers self-dimerization. To introduce and monitor the aromatic--aromatic interactions, we conjugate pyrene, a molecule that gives characteristic excimer fluorescence,^[@ref20]^ at the C-terminal of **A** and **B**. The studies of the mixture of **A** and **B**, **A-Py** and **B-Py** provide insights on how the aromatic--aromatic interactions dictate the secondary structures and self-assembly of these peptides.

Solid phase peptide synthesis (SPPS)^[@ref21]^ affords **A** and **B** in excellent yields (90%, [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)). The synthesis of **A-Py** and **B-Py** requires the combination of SPPS and liquid phase synthesis, and the overall yield is about 80%. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, all of the four molecules are unable to form homotypic hydrogels. **A** or **B** is a transparent and colorless solution. With the conjugation of pyrene, **A-Py** or **B-Py** forms a light yellow solution. The mixture of **A** and **B** still remains as a transparent, colorless solution. The mixture of **A-Py** and **B-Py** (5.0 mM each) forms a stable hydrogel within 5 min. This heterotypic hydrogelation is also supported by rheology ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)) and ^1^H NMR ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)) experiments. The fast hydrogelation upon the mixing of **A-Py** and **B-Py** indicates strong interaction between **A-Py** and **B-Py**. These results reveal that the conjugation of pyrene to the peptides at C-terminal allows the conjugates to self-assemble in water.

![Optical images (without or under UV irradiation) of the solutions or hydrogels formed by 10 mM of **A**, **B**, **A-Py**, and **B-Py**, respectively or the mixture of 5.0 mM **A** and 5.0 mM **B**, 5.0 mM **A-Py** and 5.0 mM **B-Py** in PBS buffer at pH= 7.4.](ja-2016-11512n_0002){#fig2}

The TEM images of **A** or **B** at 10 mM or the mixture of 5.0 mM of **A** and **B** hardly exhibit any features ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), confirming that **A** or **B** alone or their mixture is unable to self-assemble in water, agreeing with the results shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In contrast, the TEM image of the mixture of **A-Py** and **B-Py** shows nanofibers with uniform diameters of 8 ± 2 nm, which differ from the TEM image of **A-Py** or **B-Py** at 10 mM that exhibits polymorphism, that is, nanofibers with different diameters and aggregates (for **A-Py**) or nanofibers together with aggregates (for **B-Py**). These TEM images confirm that the conjugation of pyrene enables the self-assembly of the pentapeptides from irisin in water to form well-defined nanofibers.

![TEM images of the solutions of **A**, **B**, **A-Py**, and **B-Py** at 10 mM or the mixture of 5.0 mM **A** and 5.0 mM **B**, and the hydrogel of the mixture of 5.0 mM **A-Py** and 5.0 mM **B-Py**. All are in PBS buffer and pH = 7.4 (scale bar = 100 nm).](ja-2016-11512n_0003){#fig3}

The emission spectrum of 10 mM of **A-Py** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) shows a stronger peak around 400 nm (pyrene monomer) than that around 470 nm (pyrene excimers^[@ref22]^), indicating that monomeric **A-Py** dominates at 10 mM. **B-Py** exhibits the peak around 400 nm and the peak centered at 470 nm to be comparable in intensity, suggesting that monomeric and dimeric **B-Py** coexist in the solution at 10 mM. The mixture of **A-Py** and **B-Py**, at 5.0 mM, shows a large broad peak centered at 470 nm, confirming that pyrene--pyrene interactions dominate in the mixture and agreeing with that the mixture of **A-Py** and **B-Py** forms a hydrogel. These results agree well with the TEM images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, the CD spectrum of solution of **A-Py** (10 mM) exhibits two negative peaks at 202 and 228 nm, suggesting α-helix like conformation. The solution of **B-Py** (10 mM) shows two small negative peaks at 199 and 220 nm, also suggesting α-helix. The weaker CD signal of **B-Py** than that of **A-Py** is likely due to the pyrene--pyrene interactions in the solution of **B-Py**. In the case of **B-Py**, the self-assembly of these α-helices likely prefers antiparallel arrangement, which decreases the CD signal, which agrees with the fluorescent spectra. The mixture of **A-Py** and **B-Py** shows a quite different CD spectrum that it contains a positive peak at 202 nm and a negative peak around 220 nm, which is similar to the CD spectrum of β-sheet like structure. The above CD spectra indicate that the molecules themselves tend to form α-helix like structure, while their mixture forms β-sheet like structures.

![(A) Emission spectra (λ~ex~ = 330 nm) and (B) CD spectra of the solutions of **A-Py** (10 mM), **B-Py** (10 mM) and the hydrogel of the mixture of **A-Py** (5.0 mM) and **B-Py** (5.0 mM) in PBS buffer at pH = 7.4.](ja-2016-11512n_0004){#fig4}

The decrease of the concentration of the mixture of **A-Py** and **B-Py** from 2.5 mM to 0.040 mM results in the increase of the peaks around 375 and 400 nm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The ratio between the intensity of the peaks at 470 and 375 almost drops to 0 at 0.040 mM ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)), which confirms that the transition point is around 0.040 mM. These results confirm the aromatic--aromatic interaction between pyrene in water. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, with the decrease of the concentration from 2.5 mM to 0.16 mM, the CD spectra of the mixtures of **A-Py** and **B-Py** show the increase of the intensity of the transition between 200 and 220 nm, indicating less β-sheet features. When concentration drops to 0.040 mM, positive peak around 200 nm becomes negative, which indicates that there is more α-helix like structures in the solution. These results support that the aromatic--aromatic interactions promote the conversion from α-helices to β-sheet of the pentapeptides ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![(A) Emission spectra (λ~ex~ = 330 nm) and (B) circular dichroism (CD) spectra of the solutions of the mixtures of **A-Py** and **B-Py** from 2.5 mM to 0.040 mM in PBS buffer at pH = 7.4.](ja-2016-11512n_0005){#fig5}

The TEM images ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)) of the mixtures at lower concentrations show that the mixture of **A-Py** and **B-Py** contains uniform nanofibers until the concentration below 0.080 mM. Besides, with the decrease of the concentration, the widths of nanofibers in the mixture of **A-Py** and **B-Py** remain constant, which confirms that the binding between **A-Py** and **B-Py** at the concentration above 0.040 mM. The mixture of **A-Py** and **B-Py** has a low critical micelle concentration (CMC) value at 8 μM while the molecules alone show much higher CMC (575 and 338 μM for **A-Py** and **B-Py**, respectively), more than 40-folds than that of the mixture ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)). These results agree with the fluorescence results and TEM images. Moreover, we replace the [l]{.smallcaps}-amino acid residues in **A-Py** and **B-Py** with [d]{.smallcaps}-amino acid residues ([Scheme S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)) to generate two enantiomers, ^**D**^**A-Py** and ^**D**^**B-Py**. The mixture of ^**D**^**A-Py** and ^**D**^**B-Py** forms a hydrogel while ^**D**^**A-Py** or ^**D**^**B-Py** alone remains as a solution ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)). TEM reveals that the nanofibers in the hydrogel have the uniform widths of 8 ± 2 nm. Similarly, the CD spectra of the mixture of ^**D**^**A-Py** and ^**D**^**B-Py** exhibit β-sheet like feature and ^**D**^**A-Py** or ^**D**^**B-Py** alone shows α-helix like structure ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)). Thus, the blueprint from the protein structures is applicable for designing nanofibers of [d]{.smallcaps}-peptide derivatives by simply replacing [l]{.smallcaps}-amino acids with [d]{.smallcaps}-amino acids.

In conclusion, we have rationally developed self-assembling molecules by connecting an aromatic motif to the C-terminal of two pentapeptides that are part of a β-sheet motif of a protein. We also find that the regiochemistry, the distance between the pyrene and the pentapeptides, and sequence complementation are important (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf)) for the self-assembly and hydrogelation. This work illustrates a facile approach to design self-assembling peptides for generating soft materials that have predefined secondary structures. Although the aromatic motif used here is pyrene, other aromatic motifs or self-assembling enablers may provide the restriction for reconstituting the secondary structures of peptide segments observed in protein structures. Inspired by this work, our future direction might be replacing pyrene by other enabling motif for aqueous self-assembly, such as alkyl chains^[@ref23]^ or hydrophobic amino acid residues,^[@ref24]^ to create other types of supramolecular interactions.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.6b11512](http://pubs.acs.org/doi/abs/10.1021/jacs.6b11512).Synthetic scheme, NMR and LC--MS, CD spectra for all the molecules, and additional controls ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11512/suppl_file/ja6b11512_si_001.pdf))
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